Cloud model and D-S theory have been widely used in uncertainty reasoning. Meanwhile, modal strain energy and Inner Product Vector are also utilized as damage-sensitive features to detect structural damage. In this paper, a new structural damage identification approach is proposed based on Dempster-Shafer theory and cloud model. Cloud models were created to make uncertainty reasoning in damage structures by modal strain energy and the Inner Product Vector of acceleration. Then the results of the two methods were combined by using the Dempster-Shafer theory. Due to the classical D-S theory involves counter -intuitive behavious when the high conflicting evidences exists, the distance function was introduced to correct the conflict factor and combine the evidences. Moreover, a model of simple beam was created to verify the feasibility and accuracy for the single-damage and the multiple-damage. The effects of noise on damage detection were investigated simultaneously. The results show that the method has strong anti-noise ability and high accuracy.
Introduction
In the past two decades, the security of building structure has received increasingly concern both at home and abroad especially the damage detection for structure itself. As a result of the structural damage, the local rigidity of the structure will descend while the modal parameters change. Therefore, most of researchers make the damage detection analysis based on modal parameters and the structural dynamic responses. Koh [1] has made damage detection in Suspension Bridge based on the modal correlation, and Shi Z. Y. [2] presented a method for structural damage localization and damage degree analysis by the incomplete modal displacement change before and after structure damaged. Fan [3] has made damage research on plate structure, using the wavelet transform of structural vibration mode and modal shape, obtained good results. S. M. Seyedpoor [4] has put forward a method which is divided into two stage to detect structural damage, based on the modal strain energy calculated by the particle swarm optimization. Guo [5] has proposed a method based on evidence theory and modal strain energy to make damage analysis. And ShaoFei Jiang [6] combined the Artificial Neural Network with the Dempster-Shafer theory [7, 8] , and its effectiveness has also been proved in the research.
In the prior context, we find that the modal strain energy has been widely applied in structural damage detection. On the other hand, there are also some damage research based on the Inner Product Vector (IPV). The IPV is related to the mode shapes and can be directly calculated by the time domain vibration responses. Zhichun Yang [9] has proposed a method based on the changes in IPV, and damage detection experiments of shear frame structure are presented to illustrate the reliability and effectiveness of the method. Muyu Zhang [10] has formulated a new approach to detect the damage based on the auto correlation function, and the auto correlation function of the vibration response signals from different measurement points can be used to detect damage accurately even when the damage is very small. But most of above methods have difficulties with uncertainty in structural damage identification area.
In this paper, a new method is proposed to detect the structural damage based on cloud model and Dempster-Shafer theory. D-S theory and cloud model are both effective ways to deal with uncertainty, and have been widely used in mechanical field, electronic field and medical field. In the field of structural damage identification, Qingguo Fei [11] used the modal strain energy change ratio by model shapes of different orders to locate the damage element of a fix-end beam, then applied the D-S theory to fuse the results of different orders. Hui Li [12] proposed a damage identification method based on the combination of ratification neural network, D-S evidence theory and the Shannon entropy and used a three-dimensional finite element model of the Binzhou Yellow River Highway Bridge to verify the accuracy of the method. Qifeng Zhou [13] has proposed an intelligent detection method which combined the posteriori probability support vector machines and D-S theory to detect the location and extent of structural damage. Since it is difficult to solve uncertain problem in structural damage identification only by D-S theory, cloud model is introduced to combine with D-S theory. At present, the cloud model is seldom used in the field of structural damage identification. In this paper, firstly the cloud model is introduced, which was proposed by Deyi Li in 1995 [14] . Cloud model is an effective tool to deal with the uncertainty and can realize the conversion between qualitative concepts and quantitative values. Then the Demspster-Shafer theory is introduced, which is originated from Dempster's work on multi-valued mapping in the 1960s, and has been widely used recently in the fields of uncertain reasoning. Then the modal strain energy and the acceleration IPV are used to formulate cloud models separately. Next combine the two results by modal energy and IPV with the improved Demspster-Shafer theory.
Theoretically the method has strong anti-noise ability and high accuracy. Firstly, multiply cloud reasoning are performed in both two cloud generators, which ensure the accuracy of the reasoning result and improve the anti-noise ability. Secondly, D-S theory is improved to eliminate the possibility of wrong combined results. Meanwhile, the identification results of two cloud generators are combined according to the combination rules. Damage detect of a simple beam is used to verify the method. The results show that the new method has good anti-noise ability, effectiveness for damage. And as a supplement, the method based on modal strain energy dissipation rate is adopted to compare with the new method in based on cloud model and D-S theory. The results show that the new method has stronger anti-noise ability and higher accuracy than modal strain energy dissipation rate.
Cloud model
In cloud model, three numerical characteristics are used to describe the information uncertainty, Expectation , Entropy , and Excess Entropy [15] [16] [17] . The detailed descriptions are listed in the following context.
: A point that can stand the qualitative concept to the maximal degree in the whole universe space. It is also the position of the center of gravity of the cloud.
: The discrete degree of cloud droplet that represents the qualitative concept can be reflected by this numerical characteristic, and it shows the connection between the randomness and fuzziness.
: The measurement of the entropy. In another word, it is the entropy of the entropy. This numerical characteristic reflects the uncertainty aggregation extent of all the points that contribute to the qualitative concept in the quantitative universe and the magnitude of the randomness of the certainty degree ( ).
In a word, the three numerical characteristic combine the fuzziness with the randomness perfectly, and shows the mutual mapping between the qualitative concept and the quantitative numeric. In this paper, we use the three numerical characteristic to construct a normal cloud generator to realize the transformation between the qualitative concept and the quantitative numeric.
The cloud generators can be divided into normal cloud generator and backward cloud generator. Both the position coordinates of a cloud droplet in the quantitative universe space and the qualitative extent can be obtained by inputting the three numerical characteristic ( , , ) and the quantity of cloud droplets that need to be generated in the normal cloud generator. Similarly, the backward cloud generator is the inverse process of the normal cloud generator. The normal cloud generator algorithm [18] : a) Generating a normal random number according to the three numerical characteristic ( , , ), and the expectation of is and the standard deviation is . b) Generating a normal random number , of which the expectation is and the standard deviation is . c) Generating the cloud droplet ( , ) by = exp −( − ) /(2 ) . d) Repeat the above procedure until cloud droplets were generated. The backward cloud generator algorithm [19] :
Given three digital characteristics , , and a particular number , the generator could produce the cloud droplet ( , ). This kind of generators is called forward cloud generator as well as conditions cloud generators. By contrast, given the three digital characteristics and a particular = , the generator could produce cloud droplet ( , ). This kind of generators is called backward cloud generator as well as conditions cloud generators.
A qualitative rule could be described as if then , only single condition and single rule generators are discussed in this paper. The algorithm is listed as follows:
Input: the digital characteristics of forward cloud qualitative concept C1 ( , , ) and backward cloud qualitative concept C2 ( , , ), the quantitative number for C1. Output: the quantitative number got form certainty for C2. Detailed procedures [20] : 1) Generate a normal random number , of which expectation is , and standard deviation is . 2) Calculate the certainty by = exp −( − ) /(2 ) . 3) Generate a normal random number , of which expectation is , and standard deviation is .
. From the above texts, we can know that the degree of uncertainty could be passed on by cloud generators. Firstly, a quantitative value was input into the forward cloud generator, so we can get the certainty by the cloud generator. Then the certainty was input into the backward cloud generator and a quantitative value was obtained.
Modal strain energy index and inner product vector of acceleration
Structural damage will change the mass, stiffness and damping properties of a structure, thus leading to the change of structural frequency and vibration mode. Therefore, various methods have been introduced to identify the damage in structure based on comparing the response data of the structure before and after damage. One of the most popular methods is that one based on using the strain energy of a structure.
Assuming that the structure is divided into elements, the modal strain energy of th structural element for th mode before and after damage can be expressed by a matrix notation as:
where is the th-order modal vibration mode of the structure, is the th-order modal vibration mode of the damaged structure, is the stiffness matrix of the th element.
Hui Liu [21] introduced a method to identify the structural damage by modal strain energy dissipation rate. The damage coefficient of th element can be expressed as:
In recent years, a new approach to detecting structure damage by using the inner product vector of the measured vibration responses was proposed. This kind of method has the advantage of high accuracy in damage detection. In this paper, the inner product is based on the cross correlation functions of displacement response under white noise excitation. Assuming that there exists a series of response measurement points in the structure, and the acceleration inner product vectors can be calculated by the inner product of the time domain vibration responses of each point under white noise excitation when the time lag equals to zero. The acceleration inner product vector is defined as [22] :
where : the numbers of the response measurement points; : the time series of structure excitation response of measurement points; : the time series of structure excitation response of reference point.
In this paper, the acceleration inner product vector is normalized by its maximum value:
The structural modal parameter can be changed when the structure is damaged, as well as abrupt changes in mode shapes. Therefore, the inner product vector of the damaged structure may exhibit abrupt changes. So, the damage index can be formulated as:
where , and , indicate the ith element in the inner product vectors of the intact and damage structures, respectively. Sometimes, the change of the inner product vector is not obvious in tiny structure damages, so a new damage index is formulated to make the damage location clear as:
D-S evidence theory
D-S evidence theory is originated from Dempster's work on multi-valued mapping in the 1960s, and has been widely used recently in the fields of uncertain reasoning.
Let , be two pieces of evidence in the same frame of discernment Θ, and the evidence fusion rule is listed as follows [23] :
where , ,
, which measure the conflict degree between the two pieces of evidence. In Eq. (8), the two pieces of evidence completely conflict when = 0, and in this situation the fusion rule is unavailable. If ≠ 0, the ( ) satisfies ∑ ( ) = 1. When → 0, the two pieces of evidence are in high conflict, and an illogical result is the traditional D-S fusion rule. To improve the fusion accuracy of the D-S theory, distance function defined by Jousselme [24] is introduced. The distance function is defined as follows:
where = ( ) is a matrix with order 2 × 2 . And the specific calculation formula of Eq. (9) is given by:
where 〈 , 〉 is the inner product of the two vectors. Combined with the traditional conflict factor and the distance function ( , ), the new conflict factor between evidence is defined as follows:
Numerical example of cloud reasoning
To apply the above method to damage identification of structure, a simply supported beam model is used as Fig. 2 . There are 20 elements of the simply beam and its overall length is 6 m, cross section area is 0.005 m From the above information, we know the model has 39 degrees of freedom. And the paper used the Matlab software to establish finite element model, ignore the model error. Two different damage scenarios given in Table 1 are considered in the model to test the proposed method. Here we formulate the mapping to connect the element stiffness damage degree and the modal strain energy after structure damaged, as well as the mapping to connect the and the acceleration inner product vector after structure damaged. Forward cloud generator A1 is built by the damaged modal strain energy and A2 is built by the damaged acceleration inner product vector of every element. Meanwhile, the backward cloud generator B1 and B2 are built by the damage degree of every element, respectively. Then the rule base of cloud reasoning is formulated.
Suppose that the backward generator is composed of five qualitative concepts: Damage Level 1-Level 5. Each digital characteristic of qualitative concept calculated by the gray cloud model is listed in Table 2 . Then, the backward cloud generator B1 can be obtained by the forward cloud generator A1 in Matlab software. Table 3 is the canonical matrix formulated by expectation of damaged MSE in variable degrees of damage. Entropy of damaged MSE is also necessary to formulate the cloud model, which is shown in Table 4 . And the excess entropy of damaged MSE is one tenth of entropy according to the grey cloud model. The specific calculation steps are listed as follows: 1) Suppose there are m evaluation indexes and evaluation objects to formulate the canonical matrix = ( ) × .
2) Calculate the entropy of the th index:
3) Calculate the soften factor of the th index: So, the qualitative rule base based on the modal strain energy cloud reasoning of simply supported beam is formulated as: if , then , = 1, 2,…, 20, = 1, 2, 3, 4, 5. The forward and backward cloud generator of qualitative rules can be regarded as qualitative concepts described with 3 digital characteristics of cloud model. For every rule in the rule base, we can construct the corresponding cloud generator and calculate by specific algorithm. In the cloud generator, many cloud droplets are produced with respective certainty degree as ( , ), where is the quantitative output value of droplet in the th rule activated and is the certainty. According to weighting average method [25] , the results is as = ∑ ∑ . In the Matlab software, the practical structure damage is simulated by reduction in element stiffness. Choose the first three modal vibration shape to calculate modal strain energy and measure 20 times under the 0.02 noise level. Choose the average value of the 20 times calculations results as the final identification result, so the identification effect is shown in Fig. 4 and Fig. 5 for the above two damage scenarios. For the cloud reasoning based on the acceleration inner product vector, this paper used a section of random white noise as the external excitation. To calculate the acceleration response of every measurement point, the Wilson-method is adopted. Furthermore, formulate the cross correlation function in the zero delay time to construct the acceleration inner product vector and the damage index . The cloud reasoning method is similar as the cloud reasoning based on modal strain energy. And the identification results are listed as Fig. 6 and Fig. 7 . Apply the improved D-S evidence theory into the above numerical example, the results are shown in Figs. 8-11 .
As a supplement, the method based on modal strain energy dissipation rate is adopted to compare with the new method in based on cloud model and D-S theory. The results show that the new method has stronger anti-noise ability and higher accuracy. Moreover, the original D-S theory was conducted to verify the effectiveness and necessity of the improved D-S theory. To save space, this paper only discussed the second damage scenario with 2 % noise. And the results are listed in Table 5 and Fig. 12 . From the comparison results between original D-S theory and improved D-S theory, we can draw the conclusion that the improved D-S theory is more accurate. In fact, with the numerical example becoming more complicated, the identification results of the improved D-S theory are more accurate than the original D-S theory.
In this paper, to assure a stable damage identification result of the structure under white noise, 20 times measurements are adopted, thus a matrix with order 20×20 is formed.
We calculated the average value, entropy value and excess entropy value of every element by the matrix to confirm the accuracy of this method. Meanwhile, the damage threshold was set at 0.005 so the element which is less than 0.005 can be neglected. Moreover, reliable index was formulated as = / , where the is less, the result is more reliable. And if the is more Table 6 and Table 7 . In the above texts, it can be easily seen that the results after D-S fusion is more accuracy and stable, which shows the practicality and effectiveness of improved D-S evidence theory.
Conclusions
Firstly, cloud models are created based on modal strain energy and acceleration Inner product vector, which can be calculated by structural vibration mode and acceleration separately. By apply the cloud models into a established simply supported beam model with white noise, the feasibility and anti-noise ability of cloud models are verified. To solve the defect of traditional D-S theory on fusing highly conflicting evidences, distance function is introduced and the accuracy of the improved D-S theory is proved. Meanwhile, the mean value, entropy and excess entropy of the results are utilized to analyze the reliability. The ultimate results show that the developed approach in this paper can be extensively applied in structural damage detection fields. Since the structural vibration mode and acceleration are easily measured in practical engineering, there is a bright application prospect of the new method.
